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1. INTRODUCTION 

The Acushnct River estuary north of Coggeshall Street is the most highly PCB 

contaminated region of New Bedford Harbor. Sediment PCB concentrations in excess 

of 30,000 ppm have been measured. One al ternative which has been proposed to isolate 

the highly PCB-laden sediments in the upper estuary from the rest of the environment 

involves capping the most contaminated area with clean materials. 

The proposed cap would be approximately 45 cm (1.5 ft) thick and would be placed 

on top of the exist ing sediments. However, because the sediments are very poorly 

consolidated in the upper estuary, the weight of the cap will cause consolidation of the 

bottom sediments as excess water is squeezed out. Therefore the net elevation increase 

of the channel bottom will be approximately 22-26 cm instead of the entire 45 cm of 

the cap (Balsam, pers. comm.). Primary consolidation is expected to be essentially 

complete within a period of one year from cap placement. Accordingly the analyses 

done for this study assume the post-consolidation channel geometry af ter cap 

placement. 

The capping material may be subject to erosion due to high current velocities 

which could result from either storm surge or increased river flow due to rainfall-

induced runo f f . This study was undertaken to determine the probable current 

velocities to be expected from either of these mechanisms. 

The hurr icane barrier at the entrance to the harbor protects the upper estuary 

from surges generated by offshore storms (e.g., hurricanes, winter storms, etc.). The 

U.S. Army Corps operational guidelines indicate that the barrier is to be closed if the 

sea surface elevation is greater than 1.5 m (5 ft) (U.S. Army Corps of Engineers, 1982). 

In routine operation, the barrier is closed typically once per month even though the sea 

elevation is less than 1.5 m (5 ft) , hence the estuary receives more than adequate 

protection from surges. Storm surges hence pose no problem with respect to cap 

integrity. 

The second area of concern is the markedly increased runoff and f looding 

associated with extreme rainfall events, such as occur during the 10, 25, 50 or 100 year 

storm events. Under these conditions, the substantial increase in runoff associated with 

these storms causes the Acushnet River to flood, cross sectional area velocities to 

increase and, if s u f f i c i e n t l y high, for capping sediments to resuspend and be 

transported seaward. 
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To assess the potential erosion of the cap, an analysis of the impact of flooding 

conditions on current velocities in the upper Acushnet River was made. Section 2 

details the application of the DAMBRK model to determine river velocities due to 

excess rainfall. Conclusions are presented in Section 3. 
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2. MAXIMUM VELOCITY IN THE UPPER ESTUARY 

The upper estuary of New Bedford Harbor is typically a region of low velocity as 

evidenced by bottom sediments comprised of organic-rich silts and clays, indicating a 

depositional environment (Ebasco, 1987). By contrast, sediments in the lower estuary 

are predominantly coarser sands and gravels, indicative of a faster current regime. 

Stronger currents in the upper estuary are possible due to increased river flow 

resulting from extreme rainfall events. Although the mean freshwater inflow at the 

head of the estuary is 0.85 m3/s, Balsam (1989) estimated the peak flow rate in the 

Acushnet River due to the 50-year storm event to be 39.6 m^/s. Other researchers have 

estimated the peak flow resulting from a 100-year storm to be 38.2 m^/s (Table 2.1). 

Obviously there is considerable variation in the estimation of peak flow versus storm 

return period depending on the author and technique employed. The Balsam 50-year 

flow was used in the analysis to determine current magnitudes. However, the 

magnitude of the flow is such that it could be considered a 50 to 100 year storm. 

Table 2.1. Estimates of peak flow rates for the Acushnet River. 

. Peak Flow Rate (m3/s) (ft3/sec) 

Storm NUS (1984) US Army Balsam (1989) FEMA (1982) 
Return Period Corps (1987) (HEC-1) 

100 year 38.2 (1350) 38.2 (1350) 17.8 (630) 
50 year 22.7 (800) 24.9 (980) 39.6 (1397) 13.5 (475) 
25 year 20.5 (723) 20.9 (740) 24.6 (867) -
10 year 17.0 (600) 13.47 (475) 11.1 (392) 7.9 (280) 

Note: The U.S. Army Corps of Engineers (1961) estimate is an average over a 5 hour 
storm and results in 18.4 m^/s for the 100 year storm. 

To estimate the current velocities in the upper estuary resulting from the 50-year 

storm flood, the DAMBRK model, developed by the National Weather Service (Fread, 

1988), was used. The model was developed to estimate flow characteristics, such as 
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travel time and water surface elevations, downstream of a dam failure. The model also 

includes a provision for routing any flood hydrograph through the downstream river or 

channel, accounting for the effects of downstream storage, frictional resistance and 

downstream bridges and/or dams. This feature made the model highly attractive for 

the present application since the upstream flood hydrograph was available for the 

50-year storm. DAMBRK is a widely tested and accepted model, in use by most 

federal/state agencies in the U.S. and in over 40 nations around the world. 

2.1 DAMBRK Model: Theoretical Background 

The model util izes the dynamic wave method of hydraulic flood routing. The 

dynamic wave method is based on the complete one-dimensional equations of unsteady 

flow which are used to route the dam-break flood hydrograph through the downstream 

val ley . This method employs an expanded version of the original Saint-Venant 

equations. The expanded Saint-Venant equations consist of a conservation of mass 

equation and a conservation of momentum equation with additional terms for the 

effect of expansion/contractions, channel sinuosity and non-Newtonian flow. 

The assumptions made in the derivation of the Saint-Venant equations include: 

1. The flow is one-dimensional such that depth and velocity vary only in the 

longitudinal direction; values are constant across the channel cross-section. 

2. Flow is assumed to vary gradual ly along the channel so that hydrostatic 

pressure prevails and vertical accelerations are neglected. 

3. The longitudinal axis of the channel is approximately a straight line. 

4. The bottom slope of the channel is small and the channel bed is fixed; scour 

and deposition are neglected. 

5. Resistance coefficients for steady uniform turbulent flow are applicable so 

that equations such as Manning's can be used to describe resistance effects. 

6. The fluid is incompressible and of constant density. 
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The conservation of mass is expressed as 

3Q 3s(A+A0) - q - 0 (2.1) 
ax at 

and the conservation of momentum is expressed as 

a(SQ)
at

 a(/3Q2/A) 
 3x

— + sf + se + si) + L'
 ax 

 0 ( 2 - 2 ) 

where 

Q = flow 

h = water surface elevation 

A = active cross-sectional area of flow 

Ao = inactive (off-channel storage) cross-sectional area 

s = sinuosity factor which varies with h 

x = longitudinal distance along the channel (valley) 

t = time 

q = lateral inflow or outflow per lineal distance along the channel (inflow is 

positive) 

£ = the momentum coefficient for velocity distribution 

g = acceleration due to gravity 

Sf = boundary friction slope 

Se = expansion-contraction slope 

Sj = addi t ional fr ict ion slope associated with internal viscous dissipation of 

non-Newtonian fluids 

L' = momentum effect of lateral flow assumed to enter or exit perpendicular to 

the direction of the main flow. 

These equations consti tute a system of partial differential equations which are 

solved by a weighted four-point implicit f in i te di f ference technique. A detailed 

description of the model's theory and application is given in Fread (1988). 

The model's principal limitation is that it can only analyze flow through a single 

waterway as opposed to a network of interactive channels. However, for the Acushnet 

River application this limitation is unimportant. 

Other limitations are due to DAMBRK's governing equations and the uncertainty 

associated with some of the parameters used within the model. Neglecting the two-
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dimensional nature of the flow can be important when a constricted flow expands onto 
a wide, f la t floodplain. However, judicious specification of cross-sections and off-

channel storage widths can minimize the neglected two-dimensional effect. The model 
does not account for enlargement of channel cross-sectional area due to scour. Some 

uncertainty is also inherent in the selection of Manning's n; however the effect is 
considerably damped dur ing computations, and a sensitivity analysis using low and 

high n values can be undertaken to provide an envelope of possible flood peak 

elevations. 

2.2 DAMBRK Model: Application 

The DAMBRK model was applied to the upper estuary to determine river velocities 

r e su l t ing f r o m a 50-year storm with the 45 cm (1.5 ft) cap in place. Primary 
consolidation after cap placement is assumed to have occurred such that the net 

elevation increase of the channel bottom is only 22-26 cm instead of 45 cm. The 

channel geometry was specified at the locations shown in Figure 2.1. The cross-section 

data were taken from three primary sources: bathymetric field data obtained by ASA, 

USCOE bathymetric charts of the Acushnet River and NOAA navigational charts. The 
locations of the cross-sections were selected to coincide with areas in which detailed 
information was available or where the channel geometry varied or allowed for off-

channel storage. 

The DAMBRK model requires four basic pieces of information to define each 

channel 'cross-section. The first is the downstream location of the cross-section. The 

second, third and fourth are the elevation, the top width and the off-channel storage 

top width which form a set of data that defines the cross-section. For each of N 
elevations, above an arbitrary datum, a channel width for the active flow area must be 
given. If applicable an off-channel storage width may also be given for each elevation. 

These data describe the cross-section as a set of stacked quadrilaterals, with sloping 
sides. Therefore as the water depth increases the top width of the filled portion of the 

channel is also increased according to the cross-section definition. Channel cross-

section data are presented in Table 2.2 for the section locations shown in Figure 2.1. 

The model was initialized wi th a discharge rate of 0.85 m^/s at the upstream 

boundary located at Wood Street. This is the estimated mean annual flow of the 

Acushnet River. The 50-year storm hydrograph (Figure 2.2) prepared by Balsam (1989) 
was used to specify the upstream boundary condition. No tidal f luctuations were 
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Table 2.2 Cross-section data for the upper estuary used in the DAMBRK model 
appl ica t ion . All dimensions are in feet, consistent with model input . 
Cross-section locations are shown in Figure 2.1. 

Channel width at each section Off-channel storage 

Elevation*  1 2 3 4 5 6 7  3 5 

12.25 0

13.25 125

15.25 362

16.25 0 450

16.75 0 50 150

17.25 0 0 50 250 400 538

17.5 0

17.75 30 220 470 0

18.0 30

18.25 65 170 420 680 525 60

18.5 55

18.75 740 150

19.25 130 420 720 775 330

19.5 102

19.75 425 400

20 612 700

20.25 185 210 425 450

21 780 650 335

22 190 255 430 725 675 788 455

23 200 265 435 730 460


'Elevation is measured from an arbitrary datum below the lowest point. 
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Figure 2.1 Location of specified sections in the upper estuary used by the 
DAMBRK model. Cross-sections show bathymetry for present 
conditions and after consolidation following cap placement. 
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included since the storm induced flows clearly dominate the current field in the 

northern portion of the upper estuary. 

The flow simulation used a Manning roughness coefficient (n) of 0.025 which is 

typical for clean natural channels. A sensitivity study was done using values of n up 

to 0.04, indicative of natural "hainils with weeds and stones; however, larger values of 

n reduce the-predicted velocities. Therefore the value of 0.025 was used to achieve 

maximum velocities in the estuary. 

Two conditions were simulated. One assumes a fixed water mass below MSL (mean 

sea level) and the other assumes a fixed water mass below MLW (mean low water). 

These scenarios were selected to account for the estuarine nature of upper New 

Bedford Harbor. The MSL case represents mean conditions in the estuary; the MLW 

case represents worst-case conditions. Velocities will be greater under MLW conditions 

because the channel width decreases with depth and thus the storm flow travels 

through a smaller cross-sectional area. As the tidal elevation increases, more of the 

narrow channel bottom is filled with water, and the storm flow effectively travels 

through wider channel cross-sections, decreasing the velocity. Neither s imulat ion 

included tidal fluctuations. 

Complete input data files for the DAMBRK simulations are given in Appendix A. 

The peak velocities in the upper estuary calculated by the DAMBRK model are 

summarized in Table 2.3 and shown graphically in Figures 2.3 and 2.4. Peak velocities 

for both cases decrease rapidly over the upper 400 m of the estuary, and show very 

little change in the rest of the model domain. 

As expected, velocit ies for the MSL case are lower than for the MLW case, 

part icular ly in the lower 1100 m of the model domain. MLW case velocities of 

approximately 50 cm/sec are reduced to approximately 25 cm/sec in the MSL case. 

Comparing Figures 2.3 and 2.4 also shows that velocities predicted by the MLW case are 

more sensitive to channel geometry. This is evidenced by the variability in peak 

velocities in the lower 1100 m of the model domain shown in Figure 2.4 (MLW case) as 

compared with the almost constant peak velocities predicted by the MSL case (Figure 

2.3) in this same region. 
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Table 2.3 Peak velocities in the upper estuary calculated by the DAMBRK model 
under 50-year storm condi t ions wi th a 45 cm cap in place, a f t e r 
consolidation. 

Section Distance downstream MSL case MLW case 
Number from wood Street (m) (cm/sec) (ft/sec) (cm/sec) (ft/sec) 

1 0 101.5 3.33 102.4 3.36

95 103.9 3.41 106.7 3.50


2 165 119.2 3.91 130.8 4.29

210 90.2 2.96 103.9 3.41

250 75.0 2.46 89.6 2.94


3 365 55.5 1.82 80.2 2.63

4 475 29.9 0.98 59.1 1.94

5 640 22.3 0.73 47.2 1.55

6 805 25.6 0.84 58.8 1.93

7 1510 13.4 0.44 22.6 0.74


In the upper 400 m of the estuary the predicted velocities are much closer. The 

maximum velocity of 131 cm/sec predicted in the MLW case compares to 119 cm/sec in 

the MSL case. The maximum velocity occurs at section 2, 165 m downstream of Wood 

Street, in both cases. This is primarily due to the specification of bottom slope between 

sections 1, 2, and 3. The slope between sections 1 and 2 is steeper than that between 

sections 2 and 3. Therefore water moves quickly from section 1 to 2 but then slows 

down as the bottom slope flattens. This causes the peak in velocity observed at section 

2. 

The time varying nature of the flood velocities at sections 2 and 6 is shown in 

Figures 2.5 and 2.6, respectively, for the MSL case. Comparable plots for the MLW case 

are given in Figures 2.7 and 2.8. The peak velocities noted in Table 2.3 are of short 

duration, typically lasting for only a few hours. The velocities take approximately 25 

hours to go f rom pre-storm condit ions to peak values, in response to the storm 

hydrograph used to specify the flood flows. 

A complete listing of the model output for both simulations is given in Appendix 

B. 
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Figure 2.5 Time history of flood flow and velocity at section 2 in the upper 
estuary (165 m downstream of Wood Street) for the MSL case 
with the cap in place, after consolidation. 
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Figure 2.6 Time history of flood flow and velocity at section 6 in the upper 
estuary (805 m downstream of Wood Street) for the MSL case 
with the cap in place, after consolidation. 
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Figure 2.7 Time history of flood flow and velocity at section 2 in the upper 
estuary (165 m downstream of Wood Street) for the MLW case 
with the cap in place, after consolidation. 
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Figure 2.8 Time history of flood flow and velocity at section 6 in the upper 
estuary (805 m downstream of Wood Street) for the MLW case 
with the cap in place, af ter consolidation. 
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2.3 Comparison with Inlet-Basin Model Results 

A companion s tudy (ASA, 1989) used an in le t -bas in h y d r o d y n a m i c model to 

es t imate peak velocities in the upper estuary in response to the same 50-year storm 

hydrograph used above. The use of a separate model to estimate velocities was done to 

provide an independent comparison with the DAMBRK model results. Complete details 

of the inlet model's assumptions and application are given in ASA (1989). 

Peak velocities calculated by each model are given in Table 2.4 as a func t i on of 

distance downstream from Wood Street. The inlet-basin model predicts velocities based 

on MSL in the channel. The DAMBRK model was run under two scenarios, MSL and 

MLW, as explained previously. These scenarios were run to simulate mean and worst-

case conditions. Tidal f luctuat ions were not included by either model. 

Table 2.4 Maximum velocities in the upper Acushnet River estuary computed by the 
in le t -bas in model and the DAMBRK model, a f te r cap placement and 
consolidation. 

Velocity (cm/sec) 
Distance downstream Inlet model DAMBRK model 
from Wood Street (m) MSL case MLW case 

165 58.6 119.2 130.8

265 37.1 70.7 85.3

350 33.4 56.7 78.3

430 28.3 41.5 76.8

640 22.9 22.3 47.2


815 19.1 25.3 58.2

1000 13.1 20.7 43.6

1215 12.1 17.1 32.0


Both the inlet-basin and DAMBRK models predict maximum velocities near the 

head of the estuary and velocities decreasing with increasing distance downstream. 

Maximum velocities of 119 and 131 cm/sec calculated by the DAMBRK model compare 

to a maximum of 59 cm/sec calculated by the inlet-basin model. The DAMBRK model 

cont inues to predict higher velocities in the rest of the upper estuary, wi th velocities 
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approximately a factor of 2 higher than predicted by the inlet-basin model. However, 

the MSL case of the DAMBRK model is in reasonably good agreement with the results 

of the inlet-basin model in the estuary reach greater than 640 m (700 yd) downstream 

of Wood Street. 
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3. CONCLUSIONS 

Applications of the DAMBRK model to the Acushnet River estuary under 50-year 

storm conditions indicates the maximum velocities are to be expected nearest the head 

of the estuary. For the 50-year storm hydrograph routed through the estuary, the 

maximum predicted velocity occurs 165 m south of Wood Street. If a constant water 

mass below MLW is included, the peak velocity is 130.8 cm/sec; if a constant water 

mass below MSL is considered, the peak value is 119.2 cm/sec. Peak velocities decrease 

with increasing distance downstream. Furthermore, peak velocities are of limited 

duration in response to the shape of the storm hydrograph. 

The parameters used for the model application were selected to maximize 

calculated velocities. The simulations use a low Manning's n. The assumption of 

constant MLW in the estuary over the 3-day period of the storm flow also increases the 

predicted velocities. Tidal fluctuations, which would increase the cross-sectional area 

avai lable for flood flow, were not included. The effect of ignoring the tide is 

i l lus t ra ted by comparing the MLW and MSL cases of the DAMBRK application. 

Velocities in the estuary are lower under MSL conditions and would reduce even more 

under MHW (mean high water) conditions. The velocities predicted by the DAMBRK 

MLW case are therefore the maximum values to be expected in response to a 50 to 

100-year storm. 

Comparison of the model predictions with those of an inlet-basin model under the 

same f l o  w scenar io shows the DAMBRK predict ions of peak veloci t ies are 

approximately twice those of the inlet-basin model in the northernmost portion of the 

estuary. However, both the inlet-basin model and the DAMBRK model (accounting for 

water mass below MSL) predict reasonably similar velocities at distances greater than 

640 m downstream of Wood Street. 
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APPENDIX A 

INPUT FILES USED FOR DAMBRK MODEL APPLICATIONS 
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APPENDIX B 

OUTPUT FILES FROM DAMBRK MODEL APPLICATIONS 
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jĵ

U
J

<̂j 
o
 o

 c
 

•o o
 o

 
ni o

 o
 

cc 
cc 

T
 
*

O
 

~
 in 

o 
—

 
*

d
«

 
cs

>
 

^
^

o
 
*

0
 

+
 

<r 
^
 

•" 
(0
r
 

tn
r
 

H
~ 

*
 

*
 

o
 

o
 

u
U

J
U

J 
U

I
*
 

U
I 

i 
111

*
 

«^
0
. 

*~. a. 
in

*
 

II 
.

.
 . 

tn
n 

.
.

 . 
en

*
 

n 
.

.
 . 

n
o

 
in

o_
J
 

i
+*

i 
f 

_J 
^
 

in
»

 
^
 

.
.

 . 
in

 » 
**• 

.
.

 . 
in

.̂ 
*

U
) 

<~ ^i tn 
!H

|
 

m
 

•-• 
in * 

i-«
in

*
 

V
*
 

o
 
*
 

~
 

in
 

o 
«• 

•" 
tn 

o
v
 

,̂ 
in

 
—

U
I 

^^
U

J 
cc 

M *
«

 
in

 in
 in

 
cc 

* 
in

 
in

 in tn 
CC 

in
 

tn
 in in

 
in

in
 

in
tn 

j
.

u
 

X
-

I
 

C
. 

0
3

 
0

 * 
x
 

l
a

 m
 

U
*
 

X
 

X
 a

 
m

 
X

cc
i

CC 
JH

 
UJ 

uj
*

*
 

>
 

*. 
î 
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ĉ'
f:*

Lu 
LU

 
Lu

 
U

J 
LJ 

~
 

a: 
ce 

<r
c
 

IT
 

*
 

<
; 

LJ 
K

 

2
 



\
 

»_< 
~

 V
O

 
C

 
O

 
O

 
O

 
O

 
3

 
•2

 
»

*
r̂ 

o
 

o
 

o
 

o
 

o
 

o
—

w
 

1
 
t 

D
 
*
 

o
 

o
 

o
 

o
 

o
 

o
 

y
 

/
(
 

L
. 

jj 
0

 
O

 
O

 
O

 
O

 
O

 
Q

. 
LL 

n. 
^C

 
A

 

a
 

*̂
 

n
E

 
<r 

n
 

10 
D

O
 
»

 
«r 

Z
 

C
t

*
 

in
 

•_
! 

~
 

o
 

o
 

o
 

n
 

*
 

0
 

*
 

Q
 

t-
<v 

; 
O

 
O

 
0

 
O

 
0

 
O

 
tE

 
I-

*
 

LU
 

z
 

n
 

^
 

o
 in

 
cn 

LU
 

X
 

o
 

o
 

o
 

o
 

o
 

o
 

4
 

LL
*

^5 
a
 

C
; 

y
 

U
 

01
 >

• 
^ 

U
l 

V
 

^_J 
t 

J. 1

.j r-
2

 
LL 

C
9
 

O
 

*
 

<
 U

l 
iu

 in
 

*
<

 -1 
V

 
1-2

Q
 2

 
«-<

 
K

in
 o

U
 O

 
rr 

*•* 
•••• 

^
1
 

•̂
 

^
^

u
 t-

7
 f—

 
cr 

*
 

*> 2
 

*
 

u
o
 u

 
U

l 
*
 

Q
 

*
 

-1
 U

l 
<-, 

U
l 

Q
 
*
 

1
 _

J
 

A*
<

 cn
 

cn cn 
E

 
*
 

<
 

U
J 

4
2

 
1 

2
 

1 
D

 
*
 

2
 ra

 
O

 
CTl 

<
 U

J 
2
 *

-i 
ru 

n
 

«r 
n

 
-o 

O
 

*
 

-> cn 
a
. cn

 
•-» 

4. 
*

t-O
 

x
 o

 
I

*
»

 
H

 
4c 

<
 tc 

LU 
CE 

U
 
*
 

U
 

*
t-o

 
u
 

<
 

¥
 

LU
 

1
U

l 
*
 

41 
^

cn
*

Q
. 

2
2

 
K

 
*
 

i 
r

 
ui 

2
 L

U
 

cn 
* K

 
*
 

CO 
IT
 
t 

O
 3

 
*^ 3

 
o

 
111 

*
 

H
-

t-
 t-

cr 
(-* 

z: LU
 

U
 U

l 
u
 

Lu 
* 

D
 ca 

4
 O

 
Z

 »
E

 
a: 

<
 *

 
i-

cr 
*

2
 

^
•i *

 
>-. 

6
 

a. 
*

E
 

o
 

T
 

S

C
2
 

l-«
 

AL.SAM 

 VAR)APL E 
*•» * »* > »« 

»-* 

T
" 

U
 

XQ
 

LL 

LU
 

^c 



X
 

CC
 

C
L 

O
 —

 O
 O

 ~
 (*) «t 

o
 o

 o
 o

 o
 o

 o
 

O
 
O

 O
 O

 O
 O

 C
 

II
 

II
 

II
 

I' 
1
' 

II
 

I' 

E
 r
 E

 :r r
 r

 r
 

X
 
X

 
X

 
X

 
X

 
X

 
X

 
Q

 
Q

 Q
 C

l Q
 Q

 
a

 

o -o N
 ~> o m

 o 
o

 o
 —

rJ n
 n

 -o 
m

 in
 in 10 in in m

 
r\i rj rj rj rj rj ro 

c
0

O
in

0
o

 
O

o
 

3D
 

P* 
1-) 

IT
) 

0
 

0
 

o
 

O
 

o
 

1! 
«

 
II 

II 
II 

II 
II 

O
o

6
6

 
d 

i- i- i- i- i- i- »-
JC

 
"**• 

O
6

 
d
 

Etn 

U
l 

0


DC
j

2
 K

 
C

J 
CC 

t
o

 tn
 

u. 

*
 

U
 *

 

^FUADLE V/>1 UN I TS W 
»»»»*•»•* »if**»» »«•**««;«< 

1C
 

*
 

cc 
4

n -o co o* »* N
 *^ 

V
 
^

 V
 
T
il O

 O
 t»

 
CO 

CD 
ci 6

0X
 

>• 
4
 

ri <r ri rj tii rj ni 
t-

5
D

 
LJ 

10
 

a. 
s 

a
 

Q
 

U
l 

h
-

u
 

lit- .
 

II 
II 

U
 

II 
II 

II 
II 

U
J U

 
U

J U
J LJ U

J U
J 

U
J 

Q
 
Q

 Q
 U

 a
 
U

 Q
 

U
J 

u. 
CC

t-
i-

tc

to r-

CD m 
in

 m' 
CM

 
-0

 
D

u. 
g

 
U

J 
Q_ 

U
J 

D
 

ri «
 n

 w
 -o cv o

 
in

 
u
 

u
 

u. 
U

. 
u. 
I
 

0
- 0

- N
 
O

 1̂
 
O

 O
 

U
l 

a. 
10

u
 

U
J

E
 

U
l 

i
u. 

DN DOWNSTREAM 

4CC 

0
0
 

rj -i o o- en a> in 
et H

 fit -> ~
 ~

 ~> 
§


. 
. 

cc 

9
 

u » 
t 

n t 
X

 
d
 d

 
nj

0
 

"
 "" 

I
 

*
E

 
6

 
CD CO

 
Q

 
 -o 

XTREMIT Y 

LOSSES 

A*M
 

U
l 

U
l 

U
J U

J U
l 

U
J U

J 

(CU
l O

 
>-o 
U

.' 
-. 

E
 

0
 

U
l 

E
 

n
 

O
 

_J 
ui 

o
 

o
 

4
 

6
 

in
 

*
 

PRODU( 

iii 
0
 

O
 

^
 

•» <s >
 rj o

 ^
 o

 
w

 
C

j 
?~

 
•/v r« 

o
 J> n

 o
 **^ ^

 n
 

0
 

I
„

 
-,
 

4
 

-<
 ID

 
a. O

 
5

E
 

tn
a

 
u. 

to 
U

J 
r
 l

£
 

Q
 

f
f
 

^
3- UJ 

u
 

U
J 

O
Q

. 
U

l 
_J 

CC
o
 

Û
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î

 
LU

"
*

X
X

X
I
 

z
 

Z
 

z
 

Z
 

fs
. 

N
 

•—
• 

K
 

5
 
4
 

^5
¥

^
CD 

¥ * 
C

D
 

35 
CD 

._, 
^

^
C3 

O
 

o
*
 

. 
.

O
 

Q
 

* ¥
 •6 ru 

-o ni 
¥ -o ru 

LU
 

I
 

in
Q

 
4

•o •» 
GO

*
 «r 

a
 

4
 -a T

 
r

* 
C

L
 

in
*

ru u 
n

ru n 
in

 
4 

ru u 
^

4*
t
 

E
 

ft 
E

 
r>

*
 

E
 

I s* 
4

 
cc 

* 4
u. 

LL
*
 

U
. 

4
o
 

CD
 

00
i—

i
CO 

CD 
i

A
o
 

o
 ~

 
1̂

 
O
 "
 

PÎ 
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î 

¥
 

—
d

6
6
 

** n
 ru

 
0
-

»
 o

 _
 

*»
 

C
O

 
D-

n
 

*
 

0-N
 

** 
C

fin
 

o
 

¥
 
N

 r-«»
• 

0
 

h-
ft 

CD
 

CD
 -0

 
o
 ?

 
*

 
O

-D
 N

 
o

 o
 

*
 

O
 0-0

-
O

 
-i 

¥
 

—
 
O

 
O

>
 »

 
. 

m
 

O
>

 «
 

. 
in 

o
 

>
 
*
 

. 
.

 »»
 

o
 •« 

>-»
 

. 
. If! 

>
-¥

 
.
 

.
 
-0

 
§ 5 

>
*
"
.

* 
o-o

 
. 

in
 

*
 

0-C
O

 
. 

o
 

*
 

0-C
D

 
. 

in
 

*
 
0

 0) 
. 

oo —
 

* 
o

 o-
. 

in
 

»
 
-. «

o
 

ru 
»
 „

_
 o

 
n
 

»
 
„
„

 
O

 
^
 

»
 tvi «

 o
 

o
 

»
 ru

 -i o
 

CM
4

¥
 

* 
•d

^
 

fx
*
 

CO
*

6
 

A 
V

4
 

4)
1

*
 

—
 I

*
 

—
 

II
*
 

ru i
 

ru i
 

^* 
»

 
(M

 O
 

II 
A

 
»

 
O
l O

 
'1 

«^ 
* 

ru
 o

 
ii 

^^ 
»

 ni o
 

» 
^* 

ft * 
IM

 O
 

II 
+* 

¥ ft ru 
•< 

~
 
¥

 
0

 
C

D
 
E

 
n 

-• 
—

 
* 

O
 C

D
 
H

 
II -« 

»»
 
* 

O
 
C

O
 
E

 
II "I 

~
 »

 o
 co

 E
 

•~
 
¥

 
O

 
C

D
 E

 
~
 *

 o
 

1-1 
*
 
«

 fU
 D

 
—

 * «
 ru

a
 

«
 * «

 ru
 Q

 
•t 

*
 
«

 (M
 Q

 
" 

C
 

«
 
*
 
-

C
M
 
Q

 
u —

 
!-•

 
¥

 
•-»

 

t-3
 

*»
 

V
 

C
C

 
h~ 

^
 

—
 * 

. ce 
t-3

 
—

 * 
. 

. ce
 

i-D
 

—
 »

 
. 

cr 
H

 D
 

~
-¥

 
.
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